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ABSTRACT 
This is the second in a series of reports on the erosion rates of wood exposed outdoors near Madison, 
Wisconsin. In the work reported here, the erosion rates of earlywood and latewood were determined 
for smooth-planed vertical-grained lumber for an exposure period of 14 years. The specimens were 
oriented vertically, facing south; erosion was measured annually for the first 6 years and biannually 
the remainder of the exposure. Wood species were ponderosa pine, lodgepole pine, Engelmann spruce, 
western hemlock, and red alder. Large differences were observed between earlywood and latewood 
erosion rates during weathering. Erosion rates varied from 33 prnlyear for lodgepole pine latewood 
to 58 pmlyear for western hemlock and red alder earlywood. In general, no practical differences in 
erosion were observed for different orientations of the specimens on the test fence (vertical or hori- 
zontal longitudinal axis). Some specimens showed considerable decay after 10 years of exposure. 
Keywords: Weathering, erosion, flat grain, vertical grain, wood properties. 
INTRODUCTION 
Weathering is the degradation of wood ex- 
posed above ground that is initiated by ultra- 
violet (UV) radiation in sunlight. The rate of 
degradation is increased by water (rain, dew, 
snow), changes in relative humidity, increased 
temperature, and windblown sand and/or other 
particulates. Attack by decay fungi is not con- 
sidered weathering, nor is mildew growth on 
the wood surface. Weathering of wood is pri- 
marily a surface phenomenon that results in 
the slow erosion of wood fibers. 
In the first paper of this series, we investi- 
gated the weathering of redwood, western red- 
cedar, Douglas-fir, and southern pine.2 That 
study showed a significant difference in ear- 
lywood and latewood erosion rates of western 
redcedar and redwood during the first 7 years 
of weathering; after 7 years, earlywood and 
latewood erosion rates were about the sanne. 
For Douglas-fir and southern pine, significimt 
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continued after 7 years. The erosion rate of 
vertical-grained lumber was considerably fast- 
er than that of flat-grained plywood. However, 
only slight differences were observed for saw- 
textured as opposed to smooth plywood. The 
erosion rates confirmed the effect of wood 
specific gravity; species with higher specific 
gravity weathered more slowly. 
The chemistry, mechanism, and rate of 
weathering and species effects have been stud- 
ied for many years. Feist (1990) and Feist and 
Hon (1984) described in detail the mecha- 
nisms of wood degradation in aboveground 
exposure. Much of the information on weath- 
ering rates has been obtained from exposure 
of wood to high-intensity artificial UV radia- 
tion. Although a vast amount of information 
is available on wood weathering, little infor- 
mation has been published on actual erosion 
rates of wood and wood-based composites ex- 
posed outdoors for 10 or more years. Browne 
(1960) reported that the average erosion rate 
for most commercial American softwoods is 
about 6 rnm per century. Feist and Mraz 
(1978) found good correlation between out- 
door erosion rates and erosion rates measured 
using artificial UV radiation. These research- 
ers also found good correlation between ero- 
sion rate and wood density. Additional litera- 
ture on erosion rates of wood was cited in Part 
I of this series. 
The objective of the research reported here 
was to determine differences in erosion rates 
measured over 14 years for various wood spe- 
cies, particularly with regard to the effects of 
proportion of earlywood to latewood and ori- 
entation of wood grain. 
EXPERIMENTAL 
Materials 
Smooth-planed lumber was used as received 
from a local lumber yard. Specimens were cut 
55 by 112 by 16 rnrn (radial by longitudinal 
by tangential), and the radial (vertical-grained) 
surface was exposed to the weather. Wood 
species tested were ponderosa pine (Pinus 
ponderosa, Dougl. ex Laws), lodgepole pine 
(Pinus contorta, Dougl. ex Loud.), Engelmann 
spruce (Picea engelmannii, Parry ex Engelm.), 
western hemlock (Tsuga heterophylla, (Raf.) 
Sarg.), and red alder (Alnus rubra, Bong.). 
Half of the exposed area of each specimen was 
protected from the weather by a 55-mm-wide 
strip of stainless steel oriented perpendicular 
to the longitudinal axis. 
Methods 
The specimens were fully exposed to the 
weather on a test fence 15 krn west of Madi- 
son, Wisconsin, for up to 14 years (1979 to 
1993). Ponderosa pine was evaluated for only 
10 years because the specimens showed severe 
decay after this time; other wood species ex- 
hibited decay to varying extents. Specimens 
were exposed to the weather on a vertical 
fence facing south. They were oriented with 
their longitudinal axis (fiber direction) vertical 
or horizontal (Fig. 1). Specimens were re- 
moved only for periodic erosion measure- 
ments. For red alder, only earlywood was mea- 
sured because the latewood band was too thin 
to measure accurately. 
The erosion rates of earlywood and late- 
wood bands were measured annually for the 
first 6 years and biannually from 8 to 14 years 
using a microscopic technique (Black and 
Mraz 1974; Feist and Mraz 1978). For each 
wood species, three measurements were made 
on each of three replicates, providing nine ob- 
servations for each erosion determination. 
A segmented regression that included an es- 
timate of a joint point between the two seg- 
ments was conducted using a standard statis- 
tical package. If a joint point was found, a 
straight line was fitted for each segment for 
each experimental condition (e.g., earlywoodl 
vertical orientation) using the same statistical 
package to give the slope and intercept of each 
segment. Since the segmented regression in- 
dicated a joint point at 10 years for about one- 
half the plots and considerable decay was ob- 
served in many specimens after 10 years, only 
the 0- through 10-year data were used to de- 
termine erosion rates. 
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FIG. I .  Orientations of specimens on test fence relative to longitudinal axis: (a) vertical, (b) horizontal. 
RESULTS AND DISCUSSLON than in other years (Figs. 2-6). Although the 
Average erosion measurements for early- 
wood and latewood after 4, 8, and 10 years of 
exposure are listed in Table 1. The raw data 
used for all calculations are available at the 
Forest Products Laboratory Web site 
(www.fp1.fs.fed.u~). Individual plots of the 
data are shown in Figs. 2 to 6 for ponderosa 
pine, lodgepole pine, Engelmann spruce, west- 
em hemlock, and red alder, respectively. The 
bars indicate the standard deviation of each 
average; they are offset for clarity. The plots 
include erosion measurements for horizontal 
and vertical orientations (Fig. 1) and early- 
wood and latewood. Earlywood/vertical ori- 
entation is designated EV and latewood/hori- 
zontal orientation, LH. 
As shown in Part I of this series, erosion 
seemed to be greater in year 5 (1983 to 1984) 
change in the rate of erosion was not as great 
as that reported earlier, the data seem consis- 
tent with the previously reported erosion rates. 
In reviewing the weather data for this perioqd, 
particularly the reported UV irradiance for 
North America, we found nothing that could 
readily explain the greater erosion rate during 
year 5. We had expected year-to-year fluctua- 
tions in measured erosion but cannot explain 
the unusually high erosion during that year. 
Variability in the weather from year to year 
and our inability to quantify this variability are 
two of the problems we have encountered in 
analyzing data obtained from long-term out- 
door testing. 
Unlike the data shown in Part I, particularly 
for western redcedar and redwood, none of the 
data for the work evaluated here showed a 
TABLE 1 .  Erosiotz of earlywood and lute~7ood on smooth-planed .suf(zce.s of various wood species after outdoor 
exl?osure." 
- 
Erovon (&In) after variou, exposure tlmesC 
4 year, 8 yearr 10 yearc 
- 
Wood 5pccle~  Avg SGh L.W EW LW EW LW EW 
- 
Ponderosa pine 0.35 130 270 315 445 430 570 
Lodgepole pine 0.38 105 255 265 465 320 580 
Englemann spruce 0.36 125 320 310 545 390 650 
Western hemlock 0.34 145 320 310 575 415 680 
Red alder 0.39 -- 295 - 545 - 620 - 
Sprclrnen, were exposed vertloally faclng south. Radlal 5urfaces were exposed wtth the graln verttcal. 
SG 1 %  rpec~hc gravity 
'All erosion value\ are average\ ot nine ob?ervatlon\ (three measurements of three *pec~rnenr). 
EW denote, earlywood: LW. letewood 
46 WOOD AND FIBER SCIENCE, JANUARY 2001, V. 33(1) 
U) 
g 800 
s 
400 
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 
Years Years 
FIG. 2. Erosion of vertical-grained ponderosa pine FIG. 3. Erosion of vertical-grained lodgepole pine as 
lumber as a function of years of exposure (average of a function of years of exposure (average of measurements 
measurements on three replicate specimens). Bars indicate on three replicate specimens). Bars indicate standard de- 
standard deviation and are offset for clarity. viation and are offset for clarity. 
change in erosion rate between 6 and 8 years 
of exposure. The unusually high erosion dur- 
ing year 5 did not seem to affect the seg- 
mented regression. The segmented regression 
analysis showed joint points in the data at 10 
years for Engelmann spruce earlywood, lod- 
gepole pine earlywood and latewood, and 
western hemlock earlywood. Ponderosa pine 
earlywood had a joint point at 6 years. These 
joint points can be explained by the occur- 
rence of decay. For example, ponderosa pine 
showed signs of decay after 6 years of expo- 
sure and was badly decayed by 12 years. No 
measurements were made on ponderosa pine 
after 10 years. At least one specimen each of 
lodgepole pine and western hemlock showed 
decay and had to be rejected. We therefore de- 
cided to fit only the 0- to 10-year data to a 
straight-line regression. 
Earlywood and latewood erosion 
For smooth-planed vertical-grained ponde- 
rosa pine, erosion rates of earlywood and late- 
wood were significantly different (Fig. 2). The 
erosion rates were slightly different for verti- 
cal and horizontal grain orientations from 
wood and latewood erosion, but no practical 
differences attributable to orientation of the 
longitudinal axis (Figs. 3-6). Since the spe- 
cific gravity values of these species are not 
much different than that of redwood, it is 
somewhat surprising that these wood species 
did not show a change in erosion rate at about 
7 years of exposure, as shown for redwood in 
Part I of this series. One hypothesis to explain 
this observation is that decay occurred in these 
specimens before weathering had progressed 
to the point where we could observe this 
L = Latewood 
V = Vertical 
0 2 4 6 8 10 12 14 16 
Years 
years through lo. We do not whether FIG. 4. Erosion of vertical-grained Engelmann spruce 
decay in these 'pecimens affected erosion lumber as a function of years of exposure (average of 
measurements. The other wood species me,~~rements on three replicate specimens). Bars indicate 
showed similar differences between early- standard deviation and are offset for clarity. 
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FIG. 5. Erosion of vertical-grained western hemlock as 
a function of years of exposure (average of measurements 
on three replicate specimens). Bars indicate standard de- 
viation and are offset for clarity. 
change. It may also be possible that the seg- 
mented regression could not detect any chang- 
es in erosion rate between years 6 and 8 be- 
cause the changes caused by decay were pre- 
dominant. A linear fit of the erosion data for 
earlywood and latewood was performed to ob- 
tain the slope (erosion rate), Y-intercept, and 
R2 value for each species (Table 2). 
The erosion of ponderosa pine, lodgepole 
pine, western hemlock, and Engelmann spruce 
was similar to that found in our earlier study 
(part 1) for Douglas-fir and southern pine. The 
wide latewood bands in these species were 
rather resistant to erosion and breaking. Some 
differences in the erosion patterns were ob- 
served in the analysis of micrographs (Fig. 7). 
The erosion of ponderosa pine and Douglas- 
fir seemed to be dependent on wood density. 
Erosion was greatest for wood formed at the 
beginning of the growth season and decreased 
with the increase in cell density through that 
growth period. There also tended to be crack- 
ing at the latewood/earlywood boundary at the 
end of the growing season. Lodgepole pine, 
western hemlock, and Engelmann spruce 
showed cracking and greater erosion toward 
the center of the carly~vood ring. We cannot 
explain this result. VJe observed that as ero- 
sion progressed, the earlywood became shaded 
by the latewood and the earlywood erosion be- 
L = Latewood 
V = Vertical 
J 
0 2 4 6 8 10 12 14 16 
Years 
FIG. 6. Erosion of vertical-grained red alder as a func- 
tion of years of exposure (average of measurements on 
three replicate specimens). Bars indicate standard devia- 
tion and are offset for clarity. 
came "V-shaped," as can be seen in the ero- 
sion of western redcedar. The cross-section of 
red alder revealed no earlywood/latewood dif- 
ferences. No obvious differences were ob- 
served between horizontal and vertical orien- 
tations of the longitudinal axis. 
TABLE 2. Linear3t of earlywood and latewood erosion 
data from 10 years of natural weathering for vario,us 
wood species. 
Species 
Erosion ratea 
Yintl~lopelR2 Significance levelh 
(pml~mlyr (%)) earlywoodllatewood 
- 
Ponderosa pine 
Earlywood 88/42 (0.79) 0.0910 
Latewood 10135 (0.81) 
Lodgepole pine 
Earlywood 78/49 (0.93) 0.0001 
Latewood -6133 (0.91) 
Engelmann spruce 
Earlywood 82/54 (0.86) 0.0001 
Latewood -6138 (0.95) 
Western hemlock 
Earlywood 89/58 (0.90) 0.0001 
Latewood 8/39 (0.92) 
Red alder 
Earlywood 82/58 (0.82) - 
Latewood - - 
- 
Y ~ n t  is Y-~ntercept 
Compari\on of sloper of regression lines for 0- to 10-year measurements. 
Numbers lndlcate rlgniticance level between earlywood and latewood slopes. 
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FIG. 7 .  Erosion of earlywood and latewood in weathered specimens of various species. 
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TABLE 3. Typical erosion rates for earlywood and late- pm/year, was the same as that for western 
wood for various species measured during 10 years out- hemlock earlywood, which is not surprisilng 
door exposure near Madison, Wi~cons in .~  given the similar specific gravity of these sple- 
~ r o s i o n  cies. The thin latewood bands of red ald.er 
Average (km) per 
Early- Late- erosion broke off as the earlywood eroded and bad 
wood wood (wm) ger yearsC 
Species ( w d y r )  ( w d y r )  year (mm) little effect on the rate of erosion. Differences 
Ponderosa pine 42 35 40 4.0 
Lodgepole pine 49 33 40 4.0 
Englemann spruce 54 38 45 4.5 
Western hemlock 58 39 50 5.0 
Red alder 58 - 60 6.0 
*Data from vertical and horizontal grain exposure, were combined to com- 
pute earlywood and latewood eroslon rates. 
Average erosion of earlywood and latewood rounded to nearest 5 units. 
Extrapolated from average earlywood and latewood erosion rates rounded 
to nearest 0.5 mm. 
Species differences 
Typical erosion rates for different wood 
species are shown in Table 3. The rates listed 
for earlywood and latewood erosion were de- 
termined from the combined horizontal and 
vertical grain exposures for the first 10 years 
of the study. The average erosion rates for ear- 
lywood and latewood were arbitrarily rounded 
to the nearest 5 pmlyear. In general, softwood 
weathering has been reported as about 6 d 
century. Extrapolation of our 0- to 10-year 
measurements to 100 years indicated slightly 
slower erosion rates. 
The average erosion rates for earlywood 
and latewood extrapolated from the 0- to 10- 
year data for ponderosa pine, lodgepole pine, 
Engelmann spruce, and western hemlock var- 
ied from 4 to 5 mrnlcentury. This is slightly 
less than the 6 d c e n t u r y  erosion rate usu- 
ally given for softwoods.. The erosion rate for 
earlywood alone is less than 6 d c e n t u r y .  
The erosion rate for redl alder earlywood, 58 
in surface morphology can affect weathering 
of the surface. Wood species with wide late- 
wood bands weather differently than do spe- 
cies with thin latewood bands. Such species 
may not undergo a change in the erosion rate 
within the first 10 years, as shown previously 
for western redcedar and redwood. 
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